Summary: Traumatic injury to the mammalian spinal cord is a highly dynamic process characterized by a complex pattern of pervasive and destructive biochemical and pathophysiological events that limit the potential for functional recovery. Currently, there are no effective therapies for the treatment of spinal cord injury (SCI) and this is due, in part, to the widespread impact of the secondary injury cascades, including edema, ischemia, excitotoxicity, inflammation, oxidative damage, and activation of necrotic and apoptotic cell death signaling events. In addition, many of the signaling pathways associated with these cascades intersect and initiate other secondary injury events. Therefore, it can be argued that therapeutic strategies targeting a specific biochemical cascade may not provide the best approach for promoting functional recovery. A "systems approach" at the subcellular level may provide a better strategy for promoting cell survival and function and, as a consequence, improve functional outcomes following SCI. One such approach is to study the impact of SCI on the biology and function of mitochondria, which serve a major role in cellular bioenergetics, function, and survival. In this review, we will briefly describe the importance and unique properties of mitochondria in the spinal cord, and what is known about the response of mitochondria to SCI. We will also discuss a number of strategies with the potential to promote mitochondrial function following SCI.
MITOCHONDRIAL STRUCTURE AND ATP SYNTHESIS
Mitochondria are double-membraned organelles that primarily function in oxidative phosphorylation. Specifically, mitochondria are the powerhouses of cells, taking products from the citric acid cycle (Krebs cycle), fatty acid oxidation, and amino acid oxidation, and producing most of the cell's supply of adenine triphosphate (ATP), which is the energy source used to power virtually all cellular functions. In fact, in the cells of evolutionarily "higher animals," >95% of all ATP is produced by oxidative phosphorylation within mitochondria. Structurally, the mitochondrial outer membrane is a relatively simple phospholipid bilayer that contains porin-like structures known as voltage-dependent anion channels (VDAC), protein structures that, when in the open state, allow molecules of approximately 5 kDa or less in size to freely pass through the membrane, including ions, nutrients, adenine diphosphate (ADP), and ATP [1] . In contrast, the mitochondrial inner membrane is a highly complex structure that is freely permeable only to oxygen, carbon dioxide, and water. This membrane contains several intramembrane channels, which regulate the passage of all other molecules, and the electron transport chain (ETC), which functions to establish and maintain the electrochemical (proton) gradient across the inner membrane that is necessary for ATP synthesis [2] .
The ETC is composed of four membrane-bound complexes (complexes I-IV) and two carrier molecules: coenzyme Q and cytochrome c (FIG. 1) . The reduced form of nicotinamide adenine dinucleotide (NADH) is the primary reducing agent of the ETC, and complex I (NADH dehydrogenase) removes one pair of electrons at a time from the available NADH pool. As the electrons move to a lower energy state, complex I uses the free energy to pump Electronic supplementary material The online version of this article (doi:10.1007/s13311-011-0031-7) contains supplementary material, which is available to authorized users.
protons out of the matrix and into the intermembrane space at a proton-translocation stoichiometry of 4 protons for every 2 electrons, establishing a proton gradient across the mitochondrial inner membrane. In fact, electrons cannot pass through complex I without proton translocation. The electron pairs are then transferred to coenzyme Q, a lipidsoluble carrier, located within the mitochondrial inner membrane. Complex II (succinate dehydrogenase) of the ETC removes pairs of electrons from succinate; however, electrons from this "substrate couple" are at a lower energy state than those entering at complex I via NADH. Complex II-derived electron pairs are also delivered to the electron pool at coenzyme Q. After electrons are passed from coenzyme Q to complex III (cytochrome bc 1 complex), they again move to a lower energy state, and the free energy is used to force additional protons out of the mitochondrial matrix and into the intermembrane space, enhancing the proton gradient across the mitochondrial inner membrane. The electron pairs are then transferred to cytochrome c, a water-soluble electron carrier located within the intermembrane space, and then to complex IV (cytochrome c oxidase). The free energy released as the electrons move to an even more lower energy state is used to pump even more protons into the intermembrane space, further strengthening the proton gradient across the inner membrane. The electron pairs are then used to reduce molecular oxygen in the matrix, producing water [2] . Single electrons that leak from the ETC may combine with molecular oxygen in the matrix to form superoxide, hydrogen peroxide, and hydroxyl radicals, contributing to the steady-state levels of free radicals. In mitochondria of the central nervous system, complex I appears to be the primary site from which electrons may prematurely leak from the ETC and inappropriately combine with oxygen, both under normal and pathological conditions [3] .
The ATP synthase complex (often referred to as complex V) is composed of 2 rotary motors (F 1 ,F 0 ): 1) The hydrophilic domain (F 1 ) is suspended from the membrane into the mitochondrial matrix and contains the nucleotide binding and catalytic sites for ATP; this motor is driven by the energy released by the hydrolysis of ATP, and 2) the hydrophobic domain (F 0 ) is embedded within the mitochondrial inner membrane and consists of a proton channel, and it can be driven in the opposite direction by sufficient proton motive force. Thus, ATP synthesis (and ATP hydrolysis; see as follows) is coupled to proton movement through the membrane channel. Under homeostatic conditions, the proton gradient across the mitochondrial inner membrane forces protons from the intermembrane space, through the proton channel, and into the matrix; this proton movement coincides with a rotational change in the structure of the hydrophilic portion of the ATP synthase complex. When ADP and inorganic phosphate are available in the mitochondrial matrix, the series of conformational changes induced by proton movement (F 0 ) forces the F 1 pump to run in its reverse direction so that the catalytic substrates can bind to their appropriate sites and ATP can be released [2, 4, 5] . Disruption in the activity of the respiratory complexes of the ETC results not only in an energy deficit
Electron movement is shown through the mitochondrial electron transport chain (ETC) and the subsequent generation of adenosine triphosphate (ATP). Electrons (e-) from reduced substrates enter the ETC through complex I or II and are then passed through complexes III and IV where they have reduced oxygen (O 2 ) to produce water (H 2 O) (solid black lines). As the electrons are moved from a high-energy state to a low-energy state through the complexes, protons (H + ) are pumped from the mitochondrial matrix into the intermembrane space (dashed black lines), generating a proton gradient across the mitochondrial inner membrane. Protons then re-enter the matrix through complex V and are used to combine adenosine diphosphate (ADP) with inorganic phosphate to produce ATP (solid yellow lines). Under homeostatic conditions, some electrons may leak from the respiratory chain and inappropriately combine with molecular oxygen (solid red lines), forming superoxide (O 2 .-), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (HO . ) and contributing to steady-state levels of free radicals. Protons that leak back across the mitochondrial inner membrane and into the matrix (dashed red line) reduce the inner membrane potential, increasing the activity of the ETC and causing thermogenesis. Q=coenzyme Q; C=cytochrome c.
(decreased ATP synthesis), but also increased production of reactive oxygen species (ROS) [3] .
MITOCHONDRIAL PERMEABILITY TRANSITION PORE
Cell death following spinal cord injury (SCI) has been associated with multiple intracellular changes, including toxic elevations in the extracellular concentrations of excitatory and inhibitory amino acids, edema, inflammation, vascular dysfunction, and activation of proteases, such as calpains and caspases. Detailed discussion of these changes is beyond the scope of this review, and the reader is directed to several excellent reviews on the pathophysiological changes occurring in the spinal cord following injury [6] [7] [8] [9] . However, of particular interest for this discussion are the ionic shifts that occur in the injured tissue that persist for hours and days following SCI [10] [11] [12] [13] . In fact, within 15 to 60 minutes following SCI, the intracellular concentrations of sodium, chloride, and calcium (Ca 2+ ) increase, whereas the intracellular concentrations of potassium and magnesium decrease [14] . Mitochondria can function as Ca 2+ "sinks," taking up the excess Ca 2+ to maintain homeostatic levels of Ca 2+ within the cytosol [15] [16] [17] [18] . However, the principle trigger for opening the mitochondrial permeability transition pore (mPTP) in the mitochondrial inner membrane is mitochondrial matrix Ca 2+ in the presence of phosphate.
As already mentioned, the mitochondrial inner membrane contains several intramembrane channels; opening of these channels is tightly regulated to prevent disruption of the mitochondrial inner membrane potential and ATP synthesis [19] . The mPTP is the most notorious of these channels, and opening of the mPTP has been linked to several different forms of cell death following SCI, including necrosis, apoptosis, autophagy, and necroptosis [19] [20] [21] [22] [23] . The molecular structure of the mPTP is still up for debate, but several lines of evidence previously suggested that VDAC in the mitochondrial outer membrane, adenine nucleotide translocator in the mitochondrial inner membrane, and cyclophilin D (Cyp-D) in the mitochondrial matrix were integral proteins that comprised the mPTP, at least in part [24] [25] [26] . However, recent studies with mitochondria from knockout mice have suggested that Cyp-D has more of a regulatory role in mPTP opening. In contrast, VDAC appears dispensable for pore formation, and at this time there is no compelling evidence that VDAC serves a regulatory role either [27] .
The concentration of Ca 2+ necessary to open the mPTP can depend on other factors. High Ca 2+ levels are required when the inner membrane potential is strong, the matrix pH is low, or the ATP levels are high. Low Ca
2+ levels may open the mPTP when the levels of ATP are extremely low, the inner membrane potential is reduced, or the matrix level of ROS is high [19] . Once the mPTP opens, the mitochondrial inner membrane can no longer serve as a barrier against proton flow, leading not only to the release of Ca 2+ into the intermembrane space but also dissipation of the electrochemical gradient as the protons in the intermembrane space rush into the matrix, eventually causing a cessation of ATP synthesis [16] . In addition, mitochondria will actually begin to consume ATP. The mitochondrial inner membrane potential is approximately 150 mV during ATP synthesis and catabolism, and ATP synthesis requires that the membrane potential remains at 80% to 90% of its maximum value [28] . When the inner membrane potential drops below that threshold, dissipation of the proton motive force (and cessation of F 0 ) will allow the F 1 pump to reverse and run in its natural direction, and the energy released from ATP hydrolysis will drive the F 0 pump in its reverse direction, forcing protons out of the matrix [5] , exacerbating the energy deficit, and further disrupting mitochondrial homeostasis.
Pore opening allows any molecule with a molecular weight of 1.5 kDa or less to enter the mitochondria and equilibrate across the inner membrane, a state known as mitochondrial permeability transition (mPT) [29] [30] [31] [32] . The inrush of molecules and then water causes the mitochondrial matrix to swell as it equilibrates with the cytosol. The mitochondrial inner membrane has a much larger surface area than the outer membrane because of the cristae (folds) of the inner membrane. Matrix swelling expands the inner membrane outward until the more rigid outer membrane ruptures [33] . Rupture of the mitochondrial outer membrane releases all of the accumulated Ca 2+ and ROS, as well as numerous pro-apoptotic proteins (e.g., cytochrome c, apoptosis-inducing factor, SMAC/Diablo, and endonuclease-G) into the cytosol. Together, these substances can contribute to several forms of programmed cell death (i.e, any form of cell death mediated by intracellular machinery) including apoptosis, necroptosis, and autophagy [34] [35] [36] [37] [38] . However, activation and spread of these pathways is dependent on energy (ATP). If the function of "too many" mitochondria within a cell has been compromised, such that the cellular demand for energy outweighs the supply, the mode of cell death may be shifted away from programmed cell death and toward necrosis (oncosis), which proceeds passively in the absence of energy [39] [40] [41] [42] .
MITOCHONDRIAL FUNCTION FOLLOWING SCI
Assessment of mitochondrial bioenergetics is a valuable tool for studying not only the time course of mitochondrial failure following SCI, but also for shedding light on the underlying mechanisms responsible for the dysfunction.
Oxygen is necessary to remove electrons from the ETC, because otherwise, all electron carriers would remain in a reduced state and electron transport (and ATP synthesis) would cease. Therefore, measurement of mitochondrial respiration (oxygen consumption) has been used to assess ETC function following SCI. Briefly, the oxygen consumption of isolated mitochondria is first measured at baseline (state I) and then following the addition of various compounds to the respiratory chamber to induce different respiratory states. The type of substrates and the order of their administration may vary slightly among laboratories, but the following sequence has worked well in our hands: 1) pyruvate plus malate, which are complex I substrates (state II); 2) ADP (state III); 3) oligomycin, an ATP synthase inhibitor (state IV); 4) carbonyl cyanide 4-(trifluoromethoxy) phenylhydrozone (FCCP), a mitochondrial uncoupler (state V, complex I-driven respiration); and (5) rotenone, a complex I inhibitor, followed by succinate, a complex II substrate (state V, complex IIdriven respiration) [43] [44] [45] [46] [47] . Mitochondrial uncoupling, produced by FCCP, refers to a condition in which electron transport is functionally disconnected from the production of ATP [48, 49] .
The respiratory control ratio (RCR), the ratio of the rate of oxygen consumption during state III to the rate of oxygen consumption during state IV, is one of the most sensitive measures of mitochondrial function, indicating the mitochondrial capacity to perform oxidative phosphorylation. Specifically, state III respiration reflects the maximal rate of coupled respiration, whereas state IV respiration reflects the rate of proton leakage from the mitochondrial intermembrane space into the matrix. Reports indicate that RCR values are comparable to control levels at 6 hours [47] , but decreased at 12 hours [47] and 24 hours [43] [44] [45] [46] [47] following SCI, primarily due to a decrease in the rate of oxygen consumption following the addition of ADP (state III). Further investigation revealed that both complex I-driven [43] [44] [45] [46] [47] and complex II-driven [43, 44] respiration was impaired postinjury and that mitochondrial oxidative stress was elevated [43, 44, 46, 47] .
Together, these findings indicate that mitochondrial dysfunction following SCI is due to impaired functioning of both complexes I and II or a common downstream component of the ETC, increased ROS production, and decreased ATP synthesis. These findings are somewhat consistent with a recent study examining the effect of exogenously generated peroxynitrite on isolated spinal cord mitochondria [50] . In that study it was shown that NADH-linked respiration was the primary target of exogenous peroxynitrite generated by the peroxynitrite donor SIN-1. However, these authors did not report any effect of SIN-1 application on complex II, in contrast to what was seen in the SCI studies. This may be due to the possibility that peroxynitrite only targets certain components of the ETC, such as complex I. A second explanation is that the source (extra-mitochondrial vs intra-mitochondrial) and/or ratio of the free radicals may be vastly different between the different studies. Finally, there may be technical differences (in situ vs ex vivo) in the way the free radicals were generated or measured that could account for the reported differences. Regardless, it is clear from these studies that complex I of spinal cord mitochondria is highly sensitive to the presence of free radicals.
The remainder of this review will focus on the existing, as well as potential, treatment strategies for preserving mitochondrial function, with the goal of promoting cell survival and functional recovery following SCI. We will focus on 3 approaches to improve mitochondrial function: 1) use of alternate energy substrates, 2) administration of antioxidants, and 3) inhibition of mPTP formation. These strategies were chosen based on existing data in the literature, technical or pharmacological feasibility, and relative specificity to mitochondria.
ALTERNATE ENERGY SUBSTRATES TO PROMOTE MITOCHONDRIAL FUNCTION
As previously described, it is well-documented that mitochondrial function is significantly compromised within hours following SCI. NADH dehydrogenase (ETC complex I), cytochrome c oxidase (ETC complex IV), and pyruvate dehydrogenase (PDH) are key mitochondrial enzymes available to the mitochondrial matrix that are important in mitochondrial respiration, but subject to inactivation or decreased activity due to oxidative damage after SCI and other models of CNS injury. The significant loss of PDH activity following SCI limits the ability of pyruvate to generate acetyl coenzyme A (CoA), thus reducing the amount of acetyl-CoA available for the citric acid cycle (FIG. 2) . Acetyl-CoA is critical for the production of NADH and FADH 2 (reduced form of flavin adenine dinucleotide), which serve as electron donors for ATP synthesis when oxidized in the mitochondrial respiratory ETC. Given the loss of PDH after acute SCI, one approach is to introduce a substrate that can serve as an alternative source for energy production. Such an approach requires the identification of a substrate that is amenable to the unique molecular requirements of mitochondria, is readily available to the mitochondrial compartment of the cell, and, ideally, exhibits favorable pharmacokinetics with minimal side effects.
Acetyl-L-carnitine (ALC) is a natural component of the mitochondrial inner membrane that is synthesized from L-carnitine by ALC transferase in several organs, including the brain, liver, and kidneys. Several studies have documented that ALC can function as an alternative substrate for mitochondrial respiration and has been used to improve mitochondrial function and limit oxidative stress [51] [52] [53] [54] [55] [56] . ALC promotes efficient energy production by facilitating the formation of acetyl-CoA in the absence of optimal PDH activity; this is accomplished, in part, when ALC donates acetyl groups to CoA directly such that the newly formed acetyl-CoA moiety can enter the citric acid cycle, effectively bypassing PDH (FIG. 2) . A second attractive property of ALC is that it promotes the production of the antioxidant glutathione by donating a carbon from the acetyl moiety. This two-pronged approach is highly advantageous as a possible treatment strategy for SCI because ALC provides an alternative substrate source for the production of the much needed ATP, while simultaneously reducing the free radical load on the mitochondria. Two additional properties of ALC are that it readily crosses the blood-brain barrier and undergoes limited metabolism, making it a highly attractive candidate as an alternative energy substrate.
A recent report revealed that ALC could function as an alternative substrate for energy metabolism following acute SCI [45] . The results of this study showed that mitochondria isolated from the intact spinal cord were capable of using ALC as an alternative and efficient substrate for mitochondrial respiration. More importantly, ALC restored respiratory activity to near normal levels in mitochondria isolated at 24 h following SCI. Given that PDH activity is compromised at this time point, thus reducing the ability of the respiratory chain to use pyruvate, the demonstration that ALC is an efficient substitute substrate is promising. Finally, ALC treatment postinjury significantly improved mitochondrial respiration and promoted gray matter tissue sparing. The use of ALC as a treatment for acute SCI is early in its development. However, the results of this initial study are promising, and based on the safety profile of ALC [57] there is a high potential for translation to the clinic. Although other substrates, such as ketones, amino acids (e.g., glutamate), and fatty acids, may also be metabolized into intermediates of the citric acid cycle ( see  FIG. 2 ), the efficacy of these substances as alternative energy substrates has not been examined in SCI.
DEVELOPMENT OF ANTIOXIDANT STRATEGIES DESIGNED TO TARGET MITOCHONDRIA
Mitochondria continuously produce free radicals (e.g., superoxide) that are neutralized by endogenous antioxidants, including superoxide dismutase and glutathione. In fact, estimates suggest that as much as 2 to 5% of the total oxygen that interacts with the ETC is incompletely reduced to form ROS [58, 59] . However, under pathological conditions, such as those that occur following SCI, free radical production exceeds the neutralizing capacity of these naturally occurring antioxidants [8, 58] . As a consequence, these oxyradicals accumulate and contribute to the formation of lipid peroxidation, protein oxidation, and peroxynitrite byproducts that interact with and inactivate critical mitochondrial enzyme complexes. One approach to combat the increase in free radical accumulation is to develop modified antioxidants that target the mitochondrial matrix, where these oxyradicals are produced [18, [58] [59] [60] . A separate review dedicated to antioxidant treatment in acute SCI is included in this issue and the reader is referred the accompanying review by Hall et al. for details. Here, we will briefly summarize some of the major findings in the context of identifying appropriate antioxidant candidates for mitochondrial targeting.
One of the first antioxidants to be studied for the treatment of acute SCI was alpha-tocopherol, which is a fat-soluble lipid peroxyl scavenger with vitamin E-like activity. Pretreatment with alpha-tocopherol, along with continued postinjury treatment, significantly improved functional recovery in cats that sustained a compression injury to spinal cord level L2 [61] . Similar findings were reported in a more recent study using postinjury alphatocopherol treatment in a rat model of spinal cord compression [62] . Based on its demonstrated lipid peroxyl scavenging activity, the improvement in functional recovery was associated with a decrease in the lipid peroxidation product malondialdehyde [63] . Although effective in some experimental models of SCI, the use of alpha-tocopherol alone has several disadvantages, including a lack of mitochondrial specificity and potential harmful side effects at high doses [64, 65] .
A second antioxidant approach for the treatment of SCI is the use of spin trap molecules. Broadly defined, spin trapping involves the addition of a free radical to a nitrone (i.e., the spin trap), resulting in the formation of a nitroxide-based persistent radical referred to as a spin adduct. The most widely recognized spin traps are alphaphenyl N-tertiary-butyl nitrone (PBN) and 5,5-dimethylpyrroline N-oxide. Although spin traps are commonly used for identifying free radical species via electron spin resonance, they also serve a biological role as stabilizers of ROS generated in cells undergoing oxidative stress [66, 67] . For example, intravenous PBN treatment has been shown to improve energy metabolism in the injured spinal cord, possibly through the reduction of free radical-mediated mitochondrial dysfunction [68] . However, in a follow-up study by this same group, PBN pretreatment had no effect on functional recovery or axonal integrity [69] . In this latter study, PBN was administered in a different fashion (intraperitoneal) compared to the intravenous route used in the energy metabolism study. Therefore, it is not clear whether the treatment paradigm used in the functional study allowed for differences in the pharmacokinetic profile of PBN using these two routes of administration.
Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-Noxyl) is a nitroxide spin trap molecule that has been examined in a number of in vitro and in vivo models of oxidative damage. Several properties make it an ideal antioxidant for mitochondrial targeting, including its high cell permeability and broad-acting neutralizing activity against several ROS, including superoxide, hydroxyl radicals, and peroxynitrite-derived free radicals. In comparable models of SCI, tempol has been shown to improve functional recovery and tissue sparing [70] , reduce measures of oxidative damage [46] and cytoskeletal disruption [71] , and promote mitochondrial function [71] ; however, see Patel et al. [46] . Neu2000 (2-hydroxy-5-[2,3,5,6-tetrafluoro-4-trifluoromethyl-benzylamino]-benzoic acid) is a recently characterized compound synthesized from acetylsalicylic acid and sulfasalazine and, based on its electron spin resonance spectra, is a novel spin trap molecule. Acetylsalicylic acid has been shown to significantly reduce NMDA receptor-mediated excitotoxicity through a mechanism involving inhibition of nuclear factor-κB and c-Jun N-terminal kinase [72, 73] . Neu2000 acts as an NR2B-receptor-specific, low-affinity gating modifier in an uncompetitive manner that enhances NMDA desensitization and stabilizes the closed state of NMDA receptors [74] . Sulfasalazine, another anti-inflammatory drug, also functions as a scavenger of free radicals [75, 76] . Neu2000 was generated by combining these two compounds, resulting in dual neuroprotective actions by functioning as an uncompetitive NMDA receptor antagonist and a free radical scavenger. In a recently published study, Neu2000 reduced ROS production in isolated mitochondria obtained at 24 h following spinal cord contusion [77] . Specifically, isolated mitochondria produced significantly elevated levels of ROS when the mitochondrial membrane potential was maximized by adding oligomycin to the respiratory chamber, a pathophysiological state that mimics the environmental stressors present in the injured spinal cord [47, 49, 78] . This observation provides indirect in vivo evidence that Neu2000 functions as a potent free radical scavenger, which is consistent with its property as a spin trap.
Although these antioxidant molecules exhibit neuroprotective properties, their distribution in the body following systemic administration limits their efficacy on the mitochondria. This finding has led to the generation of a new class of chimeric compounds that share 2 important properties: 1) free radical scavenging and 2) a high selectivity for the mitochondrial matrix in which the vast majority of free radicals are generated. These bioactive molecules are generated when potent antioxidants are covalently coupled to mitochondrial targeting compounds. One such compound is triphenylphosphonium cation (TPP), which has been used for measuring the mitochondrial inner membrane potential. Estimates suggest that linking antioxidants to TPP increases their accumulation in the mitochondrial matrix by several hundred-fold [79] [80] [81] . Examples of such mitochondria-targeted antioxidants include MitoVitE (TPP coupled to alpha-tocopherol), Mito-Q (TPP coupled to ubiquinone), Mito-PBN (TPP coupled to PBN), and Mito-CP (TPP coupled to carboxy-proxyl nitroxide). Coupling TPP to tempol or Neu2000 has not been investigated, even though, given the high free radical scavenging activity of these compounds, such an approach is potentially very promising. Other mitochondrial targeting antioxidants include aromatic cationic peptides, called SS tetrapeptides, which contain the phenolic antioxidant 2',6'-dimethyltyrosine linked to alternating aromatic and basic amino acid residues. At least four SS tetrapeptides (SS-02, SS-19, SS-20, and SS-31) have been generated that exhibit potent and mitochondria-specific antioxidant properties [64] . Similar to the TPP-linked antioxidants, these SS tetrapeptides accumulate in mitochondria in amounts that are several-fold higher than the extracellular concentrations.
At the present time, the use of mitochondria-targeted antioxidants has not been described in models of SCI. However, given the high specificity of these molecules for targeting the mitochondrial matrix and their potent antioxidant properties, it is clear that future studies will reveal their therapeutic potential. In support of this notion, mitochondria-targeted antioxidants (i.e., 5,5-dimethyl-pyrroline N-oxide, Mito-Q and Mito-CP) have been shown to reduce oxidative damage and improve mitochondrial function in the superoxide dismutase-1 (G93A) transgenic mouse model of amyotrophic lateral sclerosis [82] .
TARGETING THE MPTP IN ACUTE SCI
As previously described, some of the events thought to significantly contribute to the pathophysiological changes following acute SCI include disruption of the mitochondrial inner membrane potential and formation of the mPTP, leading to mPT and cell death via necrosis [83] [84] [85] [86] , as well as programmed cell death mechanisms [87] [88] [89] [90] [91] [92] [93] . Therefore, promoting mitochondrial function by limiting mPTP formation and subsequent mPT may have significant therapeutic benefits for the treatment of acute SCI.
Numerous experimental studies and clinical observations have demonstrated that the immunosuppressant cyclosporin A (CsA), which inhibits mPT and promotes mitochondrial function, may be of therapeutic benefit in the treatment of acute traumatic brain injury (TBI), SCI, cerebral ischemia, and reperfusion injury following acute myocardial infarction [94] [95] [96] [97] [98] [99] [100] [101] [102] [103] . Phase I clinical trials for the acute treatment of severe TBI have been performed, and follow-up trials have been proposed [104] . In addition, a recently completed clinical study reported that CsA administration resulted in a smaller infarct size in patients undergoing percutaneous coronary intervention [99] . However, a role for CsA as a neuroprotective agent in experimental models of acute SCI is inconclusive due to conflicting reports regarding its efficacy [105] [106] [107] [108] [109] [110] .
The reasons why CsA has not been proven to be effective in promoting neuroprotection in models of SCI compared to TBI are not clear. However, in existing SCI studies, a limited number of CsA dosing regimens have been tested compared to studies of TBI [111] . In addition, it is possible that differences in the effectiveness of CsA treatment for TBI and SCI may be due to inherent differences in the biological properties of the brain vs spinal cord mitochondria [78] . For example, significantly lower concentrations of Ca 2+ induce mPT in spinal cord mitochondria compared to brain (cortical) mitochondria. This same study found that Cyp-D levels are significantly higher in spinal cord mitochondria relative to cortical mitochondria [78] . Based on these observations, it could be argued that higher doses of CsA may be required to obtain similar efficacy in models of SCI compared to TBI. In summary, it is difficult to draw conclusions on the potential efficacy of CsA for SCI from the results obtained for TBI. In addition, the welldocumented caveat that CsA is highly toxic and has potent immunosuppressive properties makes it a less than ideal therapeutic candidate for the treatment of acute SCI. Therefore, compounds that mimic the actions of CsA on mPT, but exhibit a much lower cytotoxicity profile and significantly reduced immunosuppressive properties, would be more attractive as therapeutic candidates.
NIM811 (N-methyl-isoleucine-cyclosporin) is a cyclosporin analog that also binds to Cyp-D and blocks mPT at nanomolar concentrations in brain mitochondria [112] [113] [114] . NIM811 was originally developed to be a less toxic alternative to CsA, but the modifications made to the cyclosporin structure eliminated the immunosuppressive properties mediated by calcineurin inhibition. This latter property is a serendipitous advantage because it eliminates the immunosuppressive confound associated with CsA. At the present time, NIM811 and two other cyclophilin inhibitors are in clinical trials as co-treatments for hepatitis C virus (HCV). These compounds are thought to partially inhibit HCV replication by binding to cyclophilin A and possibly other cyclophilins, of which there are at least 16 expressed in mammalian cells [115] [116] [117] . Additional studies suggest that co-treatment with cyclophilin inhibitors and protease or polymerase inhibitors leads to a reduction in HCV replication and limits development of resistance to monotherapy alone [117] [118] [119] [120] .
A second advantageous property of NIM811 is that it exhibits a significantly lower cytotoxic profile relative to CsA. Both NIM811 and CsA prevent depolarization of the mitochondrial inner membrane and inhibit mPT induced by Ca 2+ overload in mitochondria isolated from rat hepatocytes. However, NIM811 protects against tumor necrosis factor-α-induced apoptosis, spanning a much wider concentration range compared to CsA [113] . The cytoprotective properties of NIM811 against apoptotic stimuli have also been reported in other cell types [113, 114, 121, 122] . Therefore, the unique properties of NIM811 allows for testing of a broader dose range relative to CsA.
As with CsA, NIM811 does not easily cross the intact blood-brain barrier and presumably a similar pattern would be observed for the blood-spinal cord barrier. However, the blood-spinal cord barrier is severely disrupted at early times following injury [123, 124] , and therapeutic concentrations of NIM811 are reached within 15 minutes and maintained in the spinal cord for up to 24 h postinjury following a single 40-mg/kg dose. Given that the blood-spinal cord barrier remains "leaky" for up to 72 h following injury, repeated dosing of NIM811 is feasible.
Reliable and reproducible measures of mitochondrial function and respiration can be obtained in mitochondria isolated from the intact and injured spinal cord [43, 44, 46, 47] . In an initial study, the effects of NIM811 treatment on mitochondrial bioenergetics and ROS production following acute SCI were examined [44] . In synaptic mitochondria isolated from spinal cord-injured rats, NIM811 treatment significantly improved mitochondrial RCRs and the maximal electron transport capacity of complexes I and II. In addition, NIM811 increased the ATP-producing capacity of mitochondria. Consistent with the improvements in mitochondrial function, mitochondria isolated from the neurons of spinal cord-injured animals treated with NIM811 exhibited a decrease in free radicals produced under conditions that maximize free radical output.
Based on these previous findings, it could be postulated that improvement in mitochondrial function would translate to a reduction in markers of apoptotic cell death at acute times following SCI. Such findings would be consistent with observations that formation of the mPTP and subsequent mPT are linked to the mitochondrial release of pro-apoptotic molecules. Therefore, additional "proof of concept" studies were conducted to examine the effects of NIM811 treatment on indices of apoptosis and tissue sparing at acute time points following SCI. In a follow-up study, NIM811 treatment reduced cytosolic levels of cytochrome c and fragmented DNA during the first 24 h following SCI and also enhanced the volume of spared gray and white matter at 7 days postinjury [125] .
The neuroprotective effects of NIM811 have been documented in several other experimental models of cell death. For example, NIM811 treatment significantly reduced infarct volume, free radical production, and cytochrome c release in a model of transient forebrain cerebral ischemia [126, 127] . In a recent study using an animal model of TBI, NIM811 treatment increased cortical tissue sparing, improved mitochondrial function, and reduced oxidative damage in adult rats [128] . In a follow-up study, the cytoprotective effects of NIM811 were similar to CsA, providing strong evidence that the actions of both compounds function to maintain mitochondrial integrity [129] . Interestingly, in this same study, delaying NIM811 administration by 12 h following injury was effective in preventing cytoskeletal degradation. Finally, NIM811 significantly reduced reperfusion injury following experimental acute myocardial infarction [94, 96, 99] . Collectively, the findings of these studies suggest that an approach that targets the mPTP can be generalized to several models of cell death. More importantly, it can be argued that the actions of NIM811 are due primarily to its actions on mPTP formation, whereas calcineurin inhibition (attributed to the mechanisms of action of CsA) does not appear to play a major role.
CONCLUSIONS
The premise for this review is based on the understanding that mitochondrial function, which is critical for maintaining cellular bioenergetics and limiting ongoing cell death and dysfunction, is severely compromised following SCI. Therapies that have a high specificity and high selectivity for targeting mitochondrial function should prove beneficial in the treatment of acute SCI ( see FIG. 3 ). It is appreciated that SCI is highly complex ,   FIG. 3 . This figure illustrates the presumed mitochondrial sites of action of the treatment strategies discussed throughout this review. Acetyl-L-carnitine (ALC) promotes energy (ATP) production by serving as an alternative energy source to the Krebs cycle. Antioxidants help to neutralize the deleterious effects of reactive oxygen species (ROS). Cyclosporin A (CsA) and N-methyl-isoleucine-cyclosporin (NIM811) promote mitochondrial function by blocking formation of the mitochondrial permeability transition pore (mPTP). ATP=adenosine triphosphate; Ca 2+ = calcium; e -=electrons; H + = protons; PDH=pyruvate dehydrogenase.
encompasses several independent and interrelated pathophysiological events, and that no single approach is going to maximize recovery of function. However, most treatment strategies to date have focused on the inhibition or promotion of particular steps in one of many molecular signaling cascades, with little to no attention toward approaches that target entire organelles. In addition, a single treatment approach may not provide optimal mitochondrial protection or recovery following SCI, and it may be necessary to use a combination approach, such as NIM811 and ALC. Using such an approach would require a more detailed understanding of the time course of mitochondrial dysfunction as it pertains to the targeted therapy (e.g., mPT vs substrate replacement). Finally, the strategies discussed in this review are limited, as they are unable to target unique mitochondrial subpopulations. In certain circumstances, it may be important to identify approaches that are highly selective for synaptic (i.e., neuronal) vs nonsynaptic (e.g., glial, and so forth) mitochondrial subpopulations. Regardless, we have described several mitochondriatargeted strategies with clear clinical potential for the treatment of acute SCI. Some of these treatment strategies are in different stages of development, whereas others were presented to simply provide proof of principle to theoretical approaches that may lead to more highly refined treatments.
